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ABSTRACT
Laccase, as a developmental preparation from an industrial enzyme producer, catalyzes 
the oxidation of phenols. The reaction products are insoluble polymers and are readily 
removed from the solution. Experiments were conducted to evaluate the potential use of 
laccase in an alternative enzyme based treatment technology to remove parent phenol 
from buffered distilled water at room temperature. All tests were conducted in 
continuously stirred batch reactor. pH was optimized. At an optimum condition of pH, 
effects of substrate concentration, product formation, dissolved oxygen (DO) availability, 
hydrogen peroxide addition, and aeration on phenol removal were investigated. The 
turnover capacity of laccase (defined as mM of phenol converted per LACU of laccase 
inactivated) was observed for different phenol concentrations.
The optimum pH for the parent phenol ranged from 5.0 to 6.0. At a pH of 5.0 and an 
enzyme concentration of 0.067 LACU/mL more than 90% phenol removal of ImM 
substrate concentration was achieved after 5h. For higher substrate concentration (up to 
4mM), there was a linear increase in percent phenol removal. There was almost no 
difference in percent phenol removal for 4 and 5 mM phenol. Aeration and hydrogen 
peroxide addition increased the DO concentration but had no effect on the progress curve 
for phenol removal. The polymeric products formed were found to reduce the enzyme 
activity and therefore the turnover capacity drastically after a certain concentration is 
reached. Removal of precipitates reduced the loss of enzyme activity and enhanced the 
phenol removal. A reactor design concept was developed based on the findings related to 
polymer formation, which provides a basis for further investigation into reactor 
development based on the findings.
111
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1.0 INTRODUCTION
Phenol is a highly toxic priority pollutant. It is present in wastewaters from many 
industries such as petroleum refining, coal conversion, organic chemicals, dyes, 
resin manufactures, fibers, plastic processing (Wentz, 1989 and Masuda et ah, 
2001). The typical concentrations of phenolic compounds found in industrial waste 
stream range between 100 to 1000 mg/L (Wu et al, 1993). As little as 0.005 mg/L 
of phenol in water can combine with chlorine to form chlorophenol, this imparts 
objectionable taste and odor in the environment (Lanouette, 1977). Phenolic 
compounds are lethal and toxic to aquatic life as well. Phenols are toxic to fish at 
levels greater than 2 mg/L and can be tasted in fish flesh at concentrations much 
lower than the toxic levels (Lanouette, 1977).
Environmental standards require industries to remove significant concentrations of 
phenol from wastewater, without formation of hazardous by-products. Most of the 
current methods, such as recovery, adsorption, biological, physical and chemical 
techniques, suffer from limitations such as high cost, hazardous byproduct
formation, poor removal efficiency (Klibanov et al., 1980) etc. Therefore, this 
research has been conducted to develop an alternative approach for the removal of 
phenol through oxidative coupling with enzymes. Phenol is a member of the group 
of aromatic class of compounds amenable to the treatment by the use of individual 
enzymes, as distinct from whole microbes (Al-Kassim et a!., 1993 and 1994). In 
this mechanism the donor molecules of phenols is released as phenoxyl radicals and 
difluse from the active center of the enzyme into the solution where they combine
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to form higher polymers and oligomers (Al-Kassim et al, 1994). These polymers 
precipitate out of the solution when the solubility limits are exceeded.
This research also explored the susceptibility to inactivation of the enzyme laccase 
during this course of polymerization of phenol. On a mass basis the enzyme activity 
consumption corresponding to the lowest turnover capacities is considerable 
(Aitken, M. D. and Heck, P.E, 1998) and may influence the economic feasibility of 
the proposed industrial application of the technique developed.
1.1 Enzyme Background
1.1.1 Introduction to Enzymes
Enzymes are biological catalysts that support the chemical reactions that maintain 
biological homeostasis. All enzymes are composed of proteins, which are 
macromolecules, made up of amino acid-residues joined in a series. The reactants 
of enzyme-catalyzed reaction are called substrates, and the substrate-binding site of 
the enzyme is called active site. Each enzyme is specific in character and acts on 
one or more particular substrates to produce one or more particular products 
(Palmer, 1995).
1.1.2 Enzyme-substrate Interaction
A basic model for enzyme-substrate interaction put forward by protein chemists is 
known as the induced fit model. The initial interaction between enzyme and 
substrate is relatively weak. Soon the walls of the active site cleft move a little to 
wrap around the substrate as it binds. This flexing puts the active site and bonds in
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other substrate under strain, which weakens the bonds and helps to lower the 
activation energy for the catalyzed reaction (Koshland, D., 1958). After binding 
takes place one or more steps of the catalytic mechanism generate transition state 
complexes and reaction products (Palmer, 1995).
1.1.3 Applications of Enzymes
Enzyme based bio-catalysis is one of the oldest examples of industrial 
biotechnology. Industrial enzymes have kept bio-catalysis greatly in demand from 
food processing to paper manufacturing to the production of textiles, as well as in 
the development of fine chemicals and genetic engineering. For example, industrial 
enzymes are used to improve soaps/detergents for removing certain special stains 
and in “sizing” textiles, in which starch cover of textiles are removed during their 
manufacture. Both bulk and fine chemical industries are increasingly relying on 
enzymes (Lesney, 2003).
The use of enzymes in waste treatment applications was first proposed in the 1930s 
(Munnecke, 1976). However, the concept of using an enzyme to remove individual 
pollutants in waste mixtures was not developed until the 1970s (Aitken, 1993).
1.1.4 Advantages of Enzyme Based Treatments
Traditionally, biological oxygen demand (BOD), chemical oxygen demand (COD) 
and total organic carbon (TOC) have been used as main pollution parameters for 
wastewater. Today, the emphasis has shifted towards the removal of specific 
pollutants from waste streams. The government regulations are also being
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developed based on this concept. None of the existing physical, chemical or 
biological treatments are highly selective in terms of the range of pollutants 
removed during the treatment. Some of them have difFiculty in removing toxic 
pollutants at low levels. Enzymes, being selective to their respective substrate(s), 
can remove specific pollutants with more than 99% efficiently in some cases from 
wastewater (Caza et al., 1999 and Vermette, 2000).
1.1.5 Disadvantages of Enzyme Based Treatment
One of the major limitations in developing enzyme catalysis for industrial 
applications is the susceptibility of the enzyme to inactivation (Aitken and Heck, 
1998). Several inactivation mechanisms of peroxidases have been studied of which 
the best studied is suicide (or mechanism-based) inactivation involving reactions 
between hydrogen peroxide and intermediates of the enz3mie’s catalytic cycle 
(Kohler and Jenzer, 1989; Hiner et a l, 1996). Although several researchers have 
worked on mechanism-based inactivation of peroxidases, relatively little 
quantitative information is available on the suicide inactivation of peroxidases in 
presence of phenolic substrates (Aitken and Heck, 1998). For laccase available 
quantitative information on inactivation mechanism is very little. This information 
is significant in selecting from among various enzymes for application purposes and 
in estimating the potential enzyme consumption for a given application (Aitken and 
Heck, 1998). One of the basic purposes of the present study was to quantify the 
turnover capacity of laccase (SP 504, a developmental preparation from a
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commercial enzyme producer Novo Nordisk) for phenol. Efforts have also been 
made to reduce the inactivation during the enzymatic reaction.
1.1.6 Previous Studies Using Laccase
Laccases are phenol oxidases, which reduce oxygen to water and simultaneously 
perform a one-electron oxidation of many aromatic compounds such as phenols, 
mono-, di-, and polyphenols and aromatic amines. It reduces oxygen to water and 
simultaneously performs a one-electron oxidation of many aromatic substrates 
(Leonowicz et a l, 2001). The substrate range in these enzymes can be extended to 
include non-phenolic lignin subunits in the presence of readily oxidisable primary 
substrates, which can act as eiectron-transfer mediators (Bourbonnais et al., 1997). 
Oxygen is used as an oxidant for the enzyme catalysis. This research partly parallels 
previous research work done using peroxidase enzymes in which hydrogen 
peroxide was used as an oxidant. Horseradish peroxidase (HRP), Coprinus 
macrorhizus peroxidase (CMP), Arthromyces ramosus peroxidase (ARP), and 
soybean peroxidase (SEP) have been shown to be effective in the removal of 
several phenolic compounds from wastewater (Klibanov et al., 1980, 1981; Al- 
Kassim et al., 1993,1994; McEldoon et a l, 1995; Taylor et al., 1996,1998). Studies 
with laccase have also been conducted to determine its suitability to be used in 
wastewater treatment for selected aromatic compounds, e.g. cresols (Vermette, 
2000; Wang, 2001). This study explores the suitability of enzyme laccase to remove 
phenol from water. It also explores the phenomenon of inhibition of laccase, which
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eventually determines the enzyme consumption for practical application of the 
treatment process.
1.2 Objectives
The objectives of this study were to:
• Determine the progress curves and reaction rate constants for phenol 
removal for a previously optimized reaction condition during laccase-catalyzed
oxidation.
• Measure the change in activity of laccase during removal of phenol of 
different concentrations from distilled water.
• Identify the effects of different reaction parameters such as, substrate 
concentration and polymer formation on the inactivation of laccase and phenol 
removal.
• Suggest a conceptual physical treatment and reactor design concept to 
maximize the phenol removal while minimizing the enzyme activity consumed.
• Develop a mathematical mode! for oxygen consumption for ImM phenol 
concentration.
• Identify the effects of aeration on phenol removal for 5mM phenol 
concentration.
• Identify the effects of hydrogen peroxide addition on dissolved oxygen 
concentration and phenol removal for higher substrate concentration.
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1.3 Scope
The scope of this study included the following:
1.3.1 The Aromatic
• The aromatic compound studied was phenol at three different concentrations
1.2 and 5 mM.
1.3.2 Reaction Conditions
• Ail the reactions were conducted in hatch reactors at room temperature of 
22-25°C in SOmM acetate buffer of pH 5.0.
1.3.3 The Enzyme
• Laccase SP504 (EC 1.10.3.2), a developmental preparation (US-1999- 
00091) from a commercial enzyme producer, Novozymes, was used at a 
concentration of 0.067 LACU/mL (nominal activity specified by the Company).
1.3.4 Dissolved Oxygen Concentrations
• Initial dissolved oxygen (DO) concentration was between 8-9 mg/L (near 
saturation concentration). Higher initial DO concentrations were obtained when 
hydrogen peroxide was added.
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1.3.5 Reaction Time
® Reaction time for all the experiments related to enzyme activity 
measurement and phenol removal was kept at 5 hours. The dissolved oxygen 
consumption was measured over a period of 2 hours.
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2 J  LITERATURE REVIEW
2.1 Phenol as a Pollutant
Phenol (C.A.S. 108-95-2) is primarily a man-made chemical. It was first isolated 
firom coal tar in 1834 and was named carbolic acid. Coal tar was the only source of 
phenol almost until World War I, when the first synthetic phenol was produced by 
sulfonation of benzene and hydrolysis of the sulfonate. It is a colorless solid when 
pure; the commercial product is a liquid with a sweet and acrid odour. It exhibits 
weak acidic properties and is corrosive and poisonous. The physical and chemical 
properties of phenol, common uses and environmental hazards are discussed in this 
section (NSC, 2004 and CEE, 2003).
2.1.1 Physical and Chemical Properties ofPhenol
Phenol (C6H60) is a colorless, crystalline solid with a melting point of about 43°C 
and boiling point of 182°C. It is soluble in water, very soluble in alcohol, 
chloroform, ether, glycerol, carbon-disulphide (CEE, 2003), volatile and fixed oils, 
aqueous alkali hydroxides and almost insoluble in petroleum ether. Being an 
aromatic alcohol, it exhibits weak acidic properties (pKa=10.35) and is corrosive 
and poisonous. All of the phenol derivatives contain a hydroxyl group attached to a 
benzene ring. These compounds form salts called phenolates. It is the simplest 
member of a class of hydroxybenzenes (CEE, 2003). The physical and chemical 
properties of phenol are listed in Table 2.1 (ATSDR, 2003).
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2.1.2 Commott Uses ofPhenol
It is largely used as an intermediate in the production of phenolic resins, which are 
low-cost, versatile, thermoset resins used in the plywood adhesive, construction, 
automotive, metal castings and appliance industries. Phenol is toxic to bacteria and 
fungi and is used as a slimicide as well as a disinfectant. It is also used as an 
anesthetic in medicinal preparations including ear and nose drops, cold sore lotions, 
and antiseptic lotions and as a reagent in manufacture of certain fertilizers, 
explosives, paints and paint removers. It is also used in the manufacture of 
fertilizers, explosives, paints and paint removers, drugs, pharmaceuticals, textiles 
and coke. The largest production of phenol is as a byproduct in petroleum refining 
industries and as an intermediate in the production of phenolic resins (CEE, 2003 
andNPI, 2002).
2.1.3 Emission Sources
Phenol is a common pollutant in refinery wastes. It is also produced during the 
conversion of coal into gaseous or liquid fuels and in the manufacture of 
metallurgical coke from coal. It may enter the environment from oil refinery 
discharges, resin use, coal conversion plants, municipal waste treatment plant 
discharges or chemical spills. Phenol may be found in artificial chemicals, animal 
wastes, decomposing organic materials and in some consumer products such as 
disinfectants, antibacterial, antiseptics, household hard surface cleaners, lubricating 
oils, synthetic resin and rubber adhesives, etc. (NPI, 2002).
10
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Property Information
Solubility
• Water at 25“C 87g/L









Henry’s Law constant: 4.0 * lO 'W /m ol
Auto-ignition 715°C
temperature
Flashpoint, open cup 85°C
Flashpoint, closed cup 79°C
Flammability limits 1.7%-8.6%
(In air, by %v)
ppm(v/v) to mg/ in ppm(v/v)*3.92= mg/
air (20°C)
mg/ to ppm(v/v) in mg/ * 0.255=ppm(v/v)
air (20°C)
CAS= Chemical Abstract Services; DOT/UN/N'A/IMO= Departmsnt of 
Transportation/United Nations/North America/International Maritime Dangerous Goods 
Code; EPA= Envirornnental Protection Agency; HSDB= Hazardous Substances Data Bank; 
NCI= National Cancer Institute; NIOSH= National Institute o f Occupational Safety and 
Health; OHM/TADS= Oil and Hazardous Materials/ Technical Assistance Data System; 
RTECS= Registry of Toxic Effects of Chemical Substances
2.1.4 Health Hazards
Phenol causes local and systematic toxic effects upon entering the body via 
ingestion, skin absorption (of any phase) or inhalation. Locally, phenol may result 
in irritation of nose, throat and eyes, and skin bums. Acute poisoning can cause an 
increased respiration rate followed by a decreased respiration rate, decreased body 
temperature, cyanosis, muscular weakness, weak or occasionally rapid pulse or
12
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coma. Ctironic exposure to phenol includes systematic problems such as vertigo, 
digestive difficulties, skin eruptions, nervous problems and headaches. On a relative 
health hazard spectrum of 0-3, phenol registers 1.7. A score of 1 represents that it is 
harmful to health, 2 represents medium hazard and 3 represents a very high hazard 
to health based on the toxic nature of the substances and evaluation of its tendency 
to cause cancer or birth defects. A substance that scores highly as health hazard is 
arsenic (2.30 and one of the lowest scores is ammonia (1.0) (NPI, 2002).
0 1
Phenol: 1.7
Figure 2.1: Health Hazard Rating of Phenol (NPI, 2002)
2.1.5 Environmental hazards
The toxic effects of phenol in the environment may include deaths of birds, animals 
and aquatic species. It may induce low growth rate in plants. Shortened lifespan, 
reproductive problems, lower fertility and changes in appearance and behavior of 
living organisms are the effects of long term exposure of phenol in the environment 
(NPI, 2002). On an environmental spectrum of 0-3 phenol registers 0.8. A score 3 
represents very high hazard to the environment (oxides of nitrogen has a score of 3 
and carbon monoxide has one of the lower scores at 0.8) (NPI, 2002).
0 1
Phenol: 0.8
Figure 2.2: Environmental hazard rating of phenol (NPI, 2002)
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2.1.6 Toxic Release Inventory of Phenol (TRI, 2003)
Statistical data available from TRI provides a fair idea about the amount of phenol 
released in US in the year 2001. Of these releases, 6,750,000 lb were air emissions; 
47,200 lb were surface water discharges; 1,349,300 !b were released by 
underground injection; 178,420 lb were released to land; and, 1,286,700 lb were 
transferred off-site for disposal In 2001, on and offsite release from water was 
9,611,750 lb (TRI, 2003). These huge quantities of phenol discharge in wastewater 
stream necessitate the development of an advanced treatment technology.
2.1.7 Exposure Limits of Phenol
The eight-hour time-weighted average exposure limits (an average value of 
exposure over the course of an 8 hour work shift) for phenol set by the European 
Commission, is about 2 ppm or 7-8 mg m'^. Phenol currently has Occupational 
Exposure Standards (OESs) of 5ppm (20mg.m'^) for 8-hour time weighted average 
and 10 ppm (39 mg.m"^), 15 min short-term exposure limit (STEL) in US (Creasy, 
2001).
2.2 Typical Wastewater Treatment Technologies and their Disadvantages 
Production and use of phenol is responsible for wastewater discharges containing 
phenolic compounds. Different treatment methods have been developed in order to
treat the wastewater emitted from various industries containing phenol. The 
common treatment methods for aromatic compounds are listed in Table 2.2 (Nicell, 
1991).
14
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Most of these methods such as solvent extraction, adsorption, physicochemical 
treatments, activated carbon, biodegradation have been applied to remove phenolic 
compounds and were found to have problems such as incomplete removal, high 
cost, release of toxic byproducts, etc. (Aitken and Heck, 1998).
In most instances, physicochemical treatment processes are not very selective in 
terms of the number of pollutants removed during the treatment; therefore such 
processes are more economically feasible for the treatment of dilute wastewater 
(Caza et a l, 1999). Chemical oxidation can become very expensive for high 
strength wastes, although the targeted pollutants might have a very low 
concentration. Activated carbon has difficulty in removing targeted pollutants at 
low levels (Aitken, 1993). It takes more than a week to complete the treatment by 
biodegradation (Lanouette, 1977; Throop, 1977; Klein, 1978; Steiert, 1985). 
Enzyme-based technology, if properly developed, has the potential to help 
overcome such shortcomings in a cost-effective way.
2.3 Enzymatic Treatment of Wastewater
Enzymatic treatment of wastewater includes enzymes as opposed to microbes for 
removal of a specific target pollutant to a higher degree. Shock loadings have 
adverse effect towards living organisms used in wastewater treatment. Direct 
addition of the enzyme does not suffer from such shortcomings. Enzymes are easier 
to standardize and handle as compared to microorganisms and offer a higher degree 
of control over the treatment process. Specificity of operation and higher reaction 
velocity are the other advantageous characteristics of enzyme-based treatment
15
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technology (Vermette, 2000). The potential advantages of enzyme based treatment 
technology over physical and chemical processes and biological treatment processes 
are listed (Nicell, 1991; Vermette, 2000).
Table 2.2: Common Treatment Technologies for Aromatic Compounds (Mcell, 
1991).
Recovery Systems Counter-current extraction 
Pulsed column extraction
Piysieal/Chemkal Chlorine oxidation
Treatment Systems Chlorine dioxide oxidation (as sodium chlorite) 
Ozone oxidation
Hydrogen peroxide oxidation (Fenton’s reagent) 
Potassium permanganate oxidation 
Incineration












Advantages over conventional physical and chemical treatment processes are:
• Operation under milder and less corrosive conditions
• Operation in a catalytic manner
® Operation specifically on trace level organic compounds and on organics not 
removed by existing physical/ chemical processes
16
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• Reduction in consumption of oxidants
• Reduction of amounts of adsorbed materials for disposal 
Advantages over conventional biological processes are:
® Application to a broad range of compounds
• Action on, in presence of, many substances, which are toxic to microbes
• Operation over wide temperature, pH and salinity ranges
• Operation at both high and low levels of contaminants
• No shock loading effects
• No delays associated with shutdown/ start-up (acclimatization of biomass)
• Reduction in sludge volume
• Better-defined system with simpler process control
Thus, the enzymatic treatment technology with such advantages is well suited to 
treat wastewater with a wide range of characteristics.
2.4 Enzyme Kinetics
2.4.1 The Nature of Enzyme Catalysis
Enzymes are biological catalysts that speed up the rate of reactions, which would 
otherwise be too slow. Catalysts speed up the rate of forward and backward 
reactions proportionately. The magnitude of the reaction rate constants of the 
forward and the backward reaction are increased by enzyme catalysis; however, the 
ratio of rate constants remains the same in presence or absence of enzymes.
17
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Enzymes have no effects on the equilibrium constant of the reactions they catalyze 
(Palmer, 1995),
Many biochemical processes proceed spontaneously, proceeding in such a direction 
that the free energy of the system decreases. However, all energetically favourable 
chemical reactions have to overcome a potential barrier known as activation energy 
before the chemical reaction can take place. This is explained by the need to form 
unstable transition-state complexes. The enzymes, like other catalysts, form with 
the reactants a transition state of lower free energy than that which would be found 
in the im-catalyzed reactions. The free energy change for an enzyme-catalyzed 
reaction is depicted in Figure 2.3 (Palmer, 1995).
For a single substrate reaction, the enzyme initially binds with the active site of the 
substrate to form a relatively stable enzyme substrate complex. The catalytic 
reaction eventually takes place with the formation of another unstable transition 
state complex from which the product is liberated (Eq 2.1). This is the simplest 
mechanism accounting for the catalysis. More complicated ones may have 
additional transition states and/or reactive intermediates and/or complexes as in the 
equation 2.2 below. The free energy profile of this type of reaction is depicted in 
Figure 2.4 (Palmer, 1995).
For a reaction of the form
hi
E + S ---- ► ES — — ------ ► E + P Eq 2.1
18
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E + s" '— ► ES --------------► EP —^ E  + P Eq2.2
(Where ES ^  EP is the rate-limiting step)
The overall reaction rate is given by k2[ES] and the best estimation of k2 comes




ES= Enzyme-substrate complex 
EP= Enzyme-product complex 
Vmax= Limiting rate of the reaction 
kii, ka and kis are reaction rate constants
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Activation energy for 
catalyzetfreaction
Initial:
state Total free energy changeTor Catalyzed or un-eataiyzed rsac tio re
Final state
C o urseo freac tio n -
Figure 2.3; Free Energy Changes for an Energetically Favourable Reaction 
Showing the Effects of a Catalyst (Palmer, 1995).
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Tran'sitionstatg.t
Transition state 3








Figure 2.4: The Free Energy Profile of an Enzyme Catalyzed Reaction Involving 
the Formation of an Enzyme-substrate and Enzyme-product Complex (Palmer, 
1995).
A relatively smalt change in activation energy may result in a great alteration of rate 
of reaction. An enzyme, which reduces the activation energy from lOOkJ moF* to 
60kJ moF\ increases the rate of reaction by 10 million (Palmer, 1995).
2,4.2 Enzyme Saturation
The most distinguishable kinetic feature of the enzyme is that it shows saturation. 
Nearly all enzyme-catalyzed reactions with single substrate or multiple substrates
2 1
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where one substrate is kept constant show first-order dependence of rate of 
substrate concentration at lower substrate concentration and with the increase in
substrate concentration, instead of increasing indefinitely, the rate of reaction 
becomes zero-order with respect to substrate. This behavior is illustrated in the 
Figure 2.5. The initial rate denoted by vo, is plotted against substrate concentration 
[So] (Figure 2.5), Initial rate vq has been shown to reach the limiting rate Vmax with 
significant increase in substrate concentration [So]. However, most of the times the 
curve does not reach the limit at any finite concentration of substrate and rather 
remains far from it at even higher concentration that can be realistically achieved 
(Comish-Bowden, 1988).
W,
Figure 2.5 Dependence of Initial Rate vo on Substrate Concentration [So] for a 
Typical Enzyme-catalyzed Reaction. [The dotted lines illustrate the meanings of the 
limiting rate vmaxand the Michaelis constant Km] (Cornish- Bowden, 1988)
Initial velocity is an important parameter in investigating the kinetics of an enzyme-
catalyzed reaction because the initial reaction conditions in such situations are
22
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easily specified. The plot of substrate disappearance or product formation against 
time usually determines the initial velocity of the reaction. If the product formed is 
such that the absorbance of a particular wavelength of light is different for substrate 
and produch the colorimetric measurement gives a measure of substrate remaining 
or product formed. Actual substrate concentration can be calculated in such cases 
and plotted against time. This is referred to as “progress curve”. Figure 2.5 shows 
an ideal progress curve for aromatic removal. At a time instant ti let the substrate 
concentration be [Si] and at t2 the substrate concentration be [S2]. The average rate 
of substrate consumption over the time interval between ti and tz is equal to
M  _ S , - S i
At - t i
For a very short interval between ti and ta the slope of tangent can be considered 
dS/dt.
The slope of tangent (dS/dt) at the initial point in progress curve where time t=0 
gives the initial velocity vq.
Slope of this tangent 
at initial velocity=vo
Figure 2.6 A Typical Progress Curve for Substrate Concentration
23
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Plot of Vo for different substrate concentrations gives the hyperbolic rate of reaction 
for the initial substrate concentration and initial velocity (Fig 2.5)
2.4.3 Steady state kinetics-Michaelis-Menten Equation
The hyperbola shown in Figure 2.5 can be expressed by the following ftmction of 
Michaelis Menten Kinetics:
° X „ + [ 5 „ ]  E,2.3
Where Vmax is the limiting initial velocity at saturation and Km is known as
VMichaelis constant. In this equation, when, = [Sq\ at Vg =
For substrate concentration, Km»[So], Vg = —
+['S'o]
and the reaction follows a first-order kinetics. For higher substrate concentration 
[So]»Km. and the reaction follow zero-order kinetics (Eq 2.5). Thus, higher the 
substrate concentration more is the deviation from first-order reaction.
^ Eq2.5
2.4.4 Michaelis-Menten Equation for Two-substrate Reaction (Comish-Bowden,
1988)
For enzyme catalyzed two substrate reactions there are two kinds of mechanisms.
• Ping-pong mechanism
24
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In ping-pong mechanism or double displacement mechanism, the first product is 
produced and released firom the enzyme before the second substrate is bound. The 




In single displacement or ternary complex mechanism, the reaction passes through a 
state with both substrates bound simultaneously to the enzyme. Michaelis -Menten 




Kma > ̂ mB -  Michaelis constants, for substrates A and B respectively 
V(f= initial reaction rate
Vmax= limiting initial velocity or maximum velocity at saturation 
KiA= equilibrium dissociation constant for EA complex
When concentration of any one of the substrate A or B is kept constant, Eq. 2.7 
becomes very similar to one substrate Michaelis-Menten equation:
VZlSo^ Eq2.8
Vo =
K T H S , ]
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V ^a n d K ^^  axe apparent values, as long as the concentration of one substrate
remains constant, and can be obtained from Michaelis- Menten plot.
2.4,5 Sigmoid Kinetics
Sometimes the enzyme kinetic does not obey the Michaelis-Menten equation. 
Figure 2.7 illustrates such a curve, which is a deviant from hyperbolic Michaelis- 
Menten plot.
Initial j i 
M eloa^
Concentration of Substrate
Figure 2.7: Comparison of Hyperbolic Curve of Initial Rate as a Function of 
Substrate Concentration with a Sigmoid Curve (Wang, 2000)
This phenomenon is explained as co-operatively reflecting the equilibrium binding
of substrate where the binding of one molecule of substrate to an enzyme either 
facilitate (positive co-operativity) or hinder (negative co-operativity) the binding of 
subsequent molecules of the same substrate ( Eisenthal and Damon, 1992).
26
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For co-operative enzymes the corresponding initial velocity equations can be
written as Eq 2.9 (Comish-Bowden, 1988):
„  2=12.8 
" + [S . ] *
Where,
Vniax= limiting initial velocity or maximum velocity at saturation.
[So]= initial substrate concentration 
Km= Michaelis constant
h= Hill constant
when h=l there is no co-operatively and the reaction obeys Michaelis-Menten
kinetics.
When h>l, it is a positive co-operative reaction. When h<l, it is a negative co­
operative reaction (Wang, 2000)
2.5 Enzyme laMbition
The inhibition of an enzyme may be reversible or irreversible.
2,5.1 Irreversible Inhibition
In irreversible inhibition, the protein may unfold itself and lose its 3-D structure. 
Other mechanisms of irreversible inhibition involve modification of critical parts of 
the enzyme e.g. “suicide” inhibition or mechanism-based inhibition. This occurs 
when enzyme, as a part of its normal catalytic cycle, generates a reactive
intermediate, which turns around and attaches itself to, or otherwise modifies the 
enzyme in such a way that the enzyme is a poorer catalyst (Palmer, 1995).
27
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Such an inhibition happens in case of peroxidase-catalyzed phenol removal. The 
first reactive intermediate formed in the peroxide catalyzed reaction is phenoxyl 
radical. If one phenoxyl radical does not find another, it may attach itself to the 
enzyme heme group and kill the enzyme activity. Nakamoto and Machida (1992) 
postulated that end product polymers absorb enzyme molecules hindering the 
substrates to reach the active center of enzymes thereby inactivating the enzyme 
molecules.
Amao et al. (1990) and Baynton et al. (1994) suggested that peroxidases exhibit 
another way of suicide inhibition in the absence of reducing substrates and with 
excess H2O2. H2O2, being the suicide substrate it was suggested that the enzyme in 
the compound II state could get oxidized by excess H2O2 to form compound III
(Eiii) as follows:
kapp
Eii +  H2O2-------- ► Eiii+H20 Eq 2.9
Compound HI is catalytically inactive but its formation does not represent a 
terminal inhibition of peroxidase. Actually Bm spontaneously decomposes to native 
peroxidase.
Eiii —   ^ E  + Oz' E q 2 .10
The return of the enzyme to its native state is sufficiently slow that, once Eiii is 
formed, the enzyme effectively loses its catalytic power to cany out the oxidation
28
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any further. Any accumulation of the enzyme in Em state represents a loss of 
catalytic activity (Mantha, 2001). It is not known whether a similar mechanism 
happens with laccase or not.
2.5.2 Reversible Inhibition
The classical reversible inhibitions are of three types.
Competitive inhibition: This is the commonest kind of inhibition. It arises when 
inhibitor and substrate compete for the same form of enzyme, in which if one binds 
the other cannot. The inhibitor reacts in a dead end reaction that does not lead to the 
products; alternatively, the inhibitor may be the product of the reaction and binds to 
the same enzyme form as the substrate (Comish-Bowden, 1988).
Uncompetitive mhibitiom Conceptually the simplest mechanism for uncompetitive 
inhibition is one in which the inhibitor binds in a dead end fashion with the enzyme 
substrate complex but does not interact with the free enzyme (Comish-Bowden, 
1988).
Mixed Inhibition: If the inhibitor binds to both free enzyme and enzyme substrate 
complex both competitive and uncompetitive effects occur simultaneously and the 
corresponding reversible inhibition is called mixed inhibition (Comish-Bowden, 
1988)
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2.6 Enzyme stabOity
Enzymes may easily lose their enzyme activity and get denatured by imfoMing the 
3-D structure. The common factors influencing enzyme stability are discussed in 
Sections 2.6.1, 2.6.2 and 2.6.3. These factors should be taken into account while 
handling enzymes.
2.6.1 Denaturation due to Temperature
Temperatures higher than 40°C, in general denature the enzymes and should be 
avoided. Depending on the nature of the enz3mie preparation, freezing and thawing 
may also cause loss of enzyme activity. Storing enzymes in frozen condition and 
thawing only small parts of it can minimize this effect of repeated thawing and 
freezing in enzyme denaturation (Vermette, 2000).
2.6.2 Denaturation due to Extreme pH
Globular proteins of enzymes often function correctly only when certain ionizable 
side chains are in specified form, making their usefulness pH dependent. Extremes
of pH below 4.0 and above 9.0 should be avoided for many enz5mies (Vermette, 
2000 and Palmer, 1995).
2.6.3 Denaturation due to Organic Solvents
At room temperature, presence of organic solvents may denature enzymes (Palmer, 
1995).
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2.7 Feasibility of Enzyme Based Treatment Technology 
Most of the work related to enzyme-based treatment technology has focused on 
disappearance of pollutants from the solutions (Taylor et a l, 1996,1998). There is a 
need for further research in developing process design and performance criteria 
which are equally important in the application of enzyme based treatment 
technology. A feasible enzyme based treatment technology should meet the 
following criteria (Aitken et al., 1993):
• The reaction products must be less toxic, more biodegradable or otherwise more 
amenable to subsequent treatment than is the case for the parent compound.
• The enzymes should selectively attack target compounds in a waste mixture.
• The enzymes must exhibit a reasonable amount of its native activity under 
typical treatment conditions such as temperature, pH etc. Since only limited control 
over these reaction conditions can be expected to be economical in wastewater 
treatment.
• Simplicity of reactor is important.
® Enzymes must have sufficient stability under reaction conditions.
• The enzymes must be available at a reasonable cost.
For certain enzymes, their certain properties prevent their development for feasible 
treatments. Enzymes that need cofactors, such as the adenosine phosphates, require 
economical means for retaining and regenerating these cofactors and until that is 
achieved they cannot be used for commercial applications. Similarly, intracellular
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enzymes require more processing than extracellular ones (Vermette,
2000).Therefore, enzymes which have the potential of being used in commercial 
application for waste treatment by satisfying the above criteria are 
organophosphate-pesticide hydrolases and phenol oxidizing enzymes including 
peroxidases, laccases and other polyphenol oxidases (Vermette, 2000).
2 J  Reactor Configuration
Most of the research involving enzymatic removal of aromatics has been done by 
using batch reactors in order to obtain basic information. However, for the process 
to be economically feasible, it is more desirable to treat wastewater on a continuous 
flow basis (Nicell, 1991). Early research using immobilized HRP enzyme on a solid
medium resulted in a rapid clogging of the support media (Siddique, 1992). 
Therefore most of the subsequent studies were conducted in a completely mixed 
reactor (Vermette, 2000).
Klibanov et al. (1980) introduced the term “turnover capacity” to measure the
efficiency of enzyme by characterizing their operating lifetime. It is defined as the 




[AH2]o== initial aromatic concentration 
[AH2]= final aromatic concentration 
Einact= concentration of inactivated enzyme
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The term “Turnover capacity is different from “turnover number” which is kcab the 
number o f substrate molecules converted to product per enzyme molecule per unit 
of time, when enzyme is saturated with substrate. If Michaelis- Menten model fits, 
kcat = Vmax/E. Batch addition of enzyme was found to reduce substrate removal 
efficiency and therefore the turnover capacity of laccase (SP-850) for removal of 
cresols (Vermette et al., 2000). Nicell (1991) showed a continuous stirred tank 
reactor (CSTR) to be more efficient as compared to batch and semi-batch reactors 
in peroxidase-catalyzed reactions. The type of reactor can be designed depending 
on the nature of inhibition. Usually a CSTR is more desirable when there is 
substrate inhibition of enzyme and a PFR when there is product inhibition (Howaldt 
et al, 1983), There has not been enough research conducted on the type of reactor 
and the turnover capacity of laccase. However, several researches have studied the 
turnover capacity and the type of reactor using peroxidase. Al-Kassim et al (1993) 
studied the effect of enzyme concentration and peroxide concentration in a semi­
batch reactor. No benefit was observed with semi-batch operations. Ibrahim et al 
(1997) used a continuous flow reactor with ARP for the removal of phenols from 
actual industrial waste. It was found that by dividing the treatment scheme into two 
parts, i.e. oligomerization of phenol using enzymatic route followed by precipitation 
of products by coagulation and flocculation, gave the best results (Ibrahim, 1998). 
Nicell (1991) made a comparison between batch, semi-batch, single and multiple 
CSTRs in series and found that the reactor turnover capacity was maximum when 
low instantaneous enzyme concentration was maintained. Thus, it can be concluded
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that the type of inhibition (product/substrate inhibition) inflttences the reactor 
configuration.
13  Laccase as an Enzyme
Laccase requires bi-molecular oxygen but no coenzyme for its activity (Boilag, 
1992).Although the source of some of the laccase has been traced to plants such as 
lacquer, sycamore, tobacco (Vermette, 2000),the most known sources of laccase is 
wMte-rot fungi. Laccases are believed to participate in microbial activities such as 
lignin biosynthesis and degradation and fungal pathogenicity (Schneider et al, 
1999).
Laccase belongs to the group of blue copper oxidases (the cofactor is copper) and 
contain four copper atoms/molecule, distributed in three different binding sites 
(Solomon et al, 1997). Structure and organization of laccase copper binding sites is 
also shared by other multi copper proteins, which do not have physiological roles, 
associated to phenol oxidase activity (Solano et al., 2001), The three different 
binding sites are spectroscopically different. These centers are called type 1 (or 
blue), type 2 (or normal) and type 3 (or coupled binuclear) (Messerschmidt A. , 
Huber R., 1990 and Ouzounis C ., Sander C., 1991).
2.10 Use of Laccase in Wastewater Treatment
One of the first attempts to use laccase for phenol degradation was made by Roy- 
Arcand and Archibald (1991). They investigated the chloride release from a 
mixture of chlorinated phenols by laccase and found the greater the number of
34
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cMoro substituents the lesser the efficiency of chloride release from the mixture. 
Later the degradation of penta-cMoropheno! was shown to be Mfiiled by the use
of laccase (Ullah et al, 2000).
The number of studies devoted to laccase-catalyzed phenol oxidation is fewer as 
compared to peroxidase-catalyzed phenol oxidation. Therefore, there is a need for 
detailed investigation of phenolic substance removal, substrate-activity 
relationship and effects of different parameters on activity of laccase during its 
course of removal of phenol from water. Laccase may prove to be more useful for 
the oxido-reduction of certain substrates because they produce more reactive 
radicals, as compared to peroxidases and unlike peroxidases, they do not require 
presence of hydrogen peroxide (Bollag, 1992).
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3.0 MATERIALS AND METHODS
3.1 Materials
3.1.1 Laccase
Laccase SP504 (ECl. 10.3.2), a developmental preparation (US-1999-00091) from a 
commercial enzyme producer Novozymes, FranHinton, North Carolina, was obtained 
directly from Novozymes. The activity of the enzyme specified by Novozyme was 
200 LACU/mL, where laccase unit of activity (LACU) catalyzes the conversion of 1 
pmol of syringaldazine solution per min in a 19 pM solution at pH 5.5 (MES buffer) 
at a temperature of 30°C. The stock solution was stored in the freezer at -15°C and 
small samples were withdrawn in vials for weekly use each time and stored at 4°C.
3.1.2 Phenol
Phenol crystals were purchased from Aldrich Chemical Inc., Milwaukee, Wisconsin. 
lOOmM stock solution of phenol (equivalent to 9.411 g/L of phenol) was prepared 
from solid crystals and stored at room temperature.
3.1.3 Hydrogen peroxide
Hydrogen peroxide (30% mass/volume) was purchased from BDH Inc., Toronto, 
Ontario. A 50 mM hydrogen-peroxide stock solution was prepared and stored at 4°C.
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3.1.4 Buffer
Buffering reagents used for pH 5.0 acetate buffer were acetic acid and sodium 
acetate. The buffer of pH 5.0 was prepared according to the method of Gomori (1955) 
by mixing 14.8 mL of 0.2M acetic acid solution with 35.2 mL of 0,2 M sodium 




The pH of samples was measured by using an Expandable Ion Analyzer, Model EA 
940, manufactured by Orion Research. BDH Inc. Toronto, Ontario provided the 
standard buffer solutions of pH 4.0, 7.0 and 10.0.
3.2.2 Spectrophotometer
The concentration of phenol was determined by colorimetric absorbance 
measurement with a spectrophotometer obtained from Hewlett Packard Co. 
Mississauga, Ontario. The wavelength range was from 190 to 820 nm and had a 2nm 
resolution. The spectrophotometer was controlled by a Hewlett Packard Vectra ES/12 
computer.
3.2.3 Cuvette
Bio-Rad Laboratories, Hercules, California, provided polystyrene disposable semi­
micro cuvettes and quartz cuvettes.
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3.2.4 Syringe-filters
0.2 micron IIT Tufryn membrane non-sterile Acrodisc syringe filters were used for 
filtration. They were purchased from Gelman laboratories^ Toronto, ON.
3.2.5 Oxygen monitor
Dissolved oxygen in the reactor was measured by using a dissolved oxygen probe, 
Model 57, purchased from Yellow Springs Instrument Co. Inc., Yellow Springs, OH.
3.2.6 Biological Oxygen Monitor
The dissolved oxygen and rate of dissolved oxygen consumption in the reactor were 
measured with Biological Oxygen Monitor, YSI Model 5300, purchased from YSI 
Co. Inc., Yellow Springs, Ohio. The dissolved oxygen monitor had a membrane type 
electrode. The electrodes were configured as illustrated in Figure 3.1. The working 
electrode used a noble metal Pt, and the opposite electrode used Ag. Potassium 
chloride solution was used for the electrolyte. A selective Teflon membrane was used 
for measurement. Voltage was applied between the two electrodes so that the 
threshold diffusion current for oxygen concentration was generated. The oxygen, 
which passed through the membrane, was reduced with the working electrode. A 
reduction current in proportion to the dissolved oxygen was generated, and thus the 
dissolved oxygen was measured.
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3.2.7 Vortex Mixer
The mixing of solutions in test tubes were done by using Vortex Mixer Model K-550- 
E purchased from Scientific Industries Inc., Bohemia, New York.
0.5~0.8V




Figure 3.1: Membrane-type Dissolved Oxygen Electrodes (GECF, 1995)
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3.2.8 Stir-plates
Thermolyne - Nouva stirplates and magnets were used to stir the batch reactors at 
room temperature.
3.3 Experimental Procedure
3.3.1 Temperature and pH Control
The optimum pH for the enzyme laccase (SP504) was found to lie between 5.0 and 
6.0 (Vermette, 2000, Zhao, 2000). Therefore, all the reactions were carried out at 
optimum pH of 5.0 and at the room temperature of (22 ± 2°C) .
3.3.2 Laccase concentration
Laccase concentration is reported in units of catalytic activity per mL (LACU/mL), 
provided by Novozymes. They also provided a protocol for laccase activity test at 
30°C. The activity test was recalibrated at room temperature and a linear correlation 
was obtained with enzyme activity, provided by Novo.
3.3.3 Reactor Size
The reactions were carried out in 30mL and 200mL reactors. All the reactions were 
carried out in open reactors. Contents of the reactors were scaled in the same ratio for 
30 mL and 200 mL reactors. The batch reactors were continuously stirred at medium 
level.
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3.3.4 Initial Dissolved Oxygen Concentration
The effect of dissolved oxygen (DO) on the reaction determined by using 200 
mL reactors due to the large size of the probe. Continuous readings of dissolved 
oxygen concentration were taken with the biological oxygen monitor. The values of 
dissolved oxygen concentration were double-checked by using the oxygen probe.
3.3.4.a Aeration with Atmospheric Oxygen
The effect of atmospheric oxygen influenced the measurement of oxygen 
consumption while using the probe. Thus, the rate of change of oxygen concentration 
was not only due to the oxygen consumption of the reaction but also due to the 
oxygen added by aeration from the atmosphere.
The following two mathematical models were considered inanalyzing the data 
obtained on DO concentrations:
dC  EqS.l
( C ,  -  C )
at
The integration of the above equation gives,
Eq3.2
Where;
C = Dissolved oxygen concentration at time t
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Cs = Initial concentration of dissolved oxygen at time t=0 (Assumed to be 
saturation concentration)
=Apparent spatial average volumetric mass transfer coefficient in clean 
water
[S] = Substrate concentration at time t 
Knowing all other parameters in the above equations ki and k.2  could be 
determined,
3.3.4.b Determination o f ha  (Rittmann and McCarty ,2001; Tchobanoglous et al,
2003; ASCE, 1992WPCF)
ku values were determined according to the following procedure. A 200 mL batch 
reactor was filled with a defined volume of buffer and substrate. It was 
deoxygenated chemically by using the oxygen scavenger, sodium sulfite and cobalt 
catalyst. This was accomplished by measuring the DO concentration of the water 
and then adding 8 mg/L of sodium sulfite and 1% of its weight of C0 CI2 per mg/L 
of DO. An excess of sodium sulphite was desirable to remove the oxygen which 
was being added due to the aeration of water during the process of oxygen 
scavenging. Once the contents were deoxygenated, the water was re-aerated. The 
DO concentrations at various time intervals were recorded by using a DO probe and 
data were analyzed as below:
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(?j f 0 ) Cj Cj
where,
to = the time after which the oxygen concentration reduces to zero.
Cl = the oxygen concentration at time ti;
Co= the concentration at time to;
Cs= the saturation concentration corresponding to the reaction
temperature.
Therefore, by using the DO saturation level for the conditions of the experiment,
the oxygen deficit at the recorded aeration times was plotted on a semi-log paper, 
and the slope was taken as the coefficient kj  ̂.The addition of oxygen was carried 
out either by aeration or by adding hydrogen peroxide.
3.3.4.C Aeration
jAjrsUi,{>iy .cBaoneij IE—.—




0 _ _ J
1
.. . ' : M  ' I,: ...
Figure 3. La Set-up for Aeration of Batch -reactors.
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Air was bubbled into the reactors for with a small tube when the substrate 
concentrations were high. The arrangement made for aeration is illustrated in Figure 
3.1.a.
3.3.4.d Hydrogen peroxide Addition
The addition of hydrogen peroxide to the reaction mixture produces dissolved 
oxygen. Laccase contains catalase, which dissociates hydrogen peroxide to oxygen 
and water. The dissolved oxygen probe was used to monitor the change in dissolved 
oxygen concentration while samples were withdrawn and tested for enzyme activity 
and phenol remaining.
3.4 Analytical Methods
3.4.1 Laccase Activity Assay
The laccase activity was measured by using an assay based on syringaldazine as a 
substrate. Nineteen micromolar syringaldazine (4,4'-
[azinobis(methanylylidene)]bis(2,6-dimethoxyphenol)) was oxidized to the 
corresponding quinone 4,4’- [azinobis(methylylidene]) bis(2,6- 
dimethoxycyclohexa-2,5-dien-1 -one), under aerobic conditions. All the 
components were provided in excess and therefore the rate of reaction became 
directly proportional to the enzyme activity (Novo Enzyme).
The assay mixture consisted of:
850 pL ofMES buffer pH 5.5
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50 }iL of 0.38 mM syringaldazine solution 
100 }iL of enzyme solution
The reaction was detected by Increase in absorbance at 530 nm. The oxidation 
mechanism is given in Figure 3.2. The deteiled procedure for canying out the 
enzyme activity test is given in Appendix A (Novo Enzyme and Vermette, 2000).
H'COvt.
2 + 2 H2O
Figure 3.2: Oxidation of Syringaldazine (Novo Enzyme)
3.4.2 Phenol Concentration Assay
The phenol concentrations were determined by a colorimetric method, which used 
ferricyanide and 4-aminoantipyrme (AAP) reagents to react with phenol and produce 
color with peak absorbance at a wavelength of 510 nm. The detailed procedure of 
colorimetric measurements of phenol concentration is given in Appendix B (Vermette, 
2000). The absorbance was found to be directly proportional to the phenol 
concentration. A typical calibration curve for phenol is shown in Appendix C 
(Vermette, 2000).
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3.5 Batch Reactor Operations
3.5.1 Determination of Progress Curve for Substrate Concentration
Batch reactor operation for the determmation of substrate concentration over time is 
illustrated by flow chart in Figure 3.3. After adding phenol to water to make up the 
desired concentration, as shown in the preparation in Figure 3.3, enzyme was added at 
“0 hour” to initiate the reaction. The reactor contents were mixed with a magnetic 
stirrer and samples were withdrawn after predetermined intervals (after each hour in 
this case). 3.6 mL of sample was mixed with 0.4 mL of 0.55 M hydrochloric acid to 
denature the enzyme and stop further enzymatic reaction. Phenol color was determined 
as described in section 3.4.2 on the sample after removing reaction products by 
filtration.
3.5.2 Progress Curve for Enzyme Activity Consumption
For determination of enzyme activity, reactor contents (substrate and 50mM buffer) 
were mixed with a magnetic stirrer and enzyme was added. Each hour, about 100 
micro-liter sample was withdrawn from the reactor as per the flow diagram shown in 
Figure 3.4. The enzyme activity of the sample was tested immediately by using Laccase 
Activity Assay described in Section 3.4.1.
3.5.3 Effect of Filtration on Phenol Removal
The effect of filtration on phenol removal was determined by setting up a bigger reactor 
of 100 mL. According to the flow diagram in Figure 3.5, enzyme was added at “0
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hour”, to initiate the reaction. After 30 minutes, 35 mL of the reactor contents were 
filtered and transferred into another reactor. The remaining 65 mL was kept unaffected 
in the first reactor. After 30 more min (in some cases after 15 inin or 1 hour) the 
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Figure 3.3: Batch Reactor Operations for Determination of Progress curve for Phenol
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Figure 3.5: Batch Reactor Operations for Determination of Effect of Filtration on 
Phenol Removal
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This operation of sequential filtration was performed n (n=2, 3, 4 etc.) times. After the 
specified reaction time of 4 hours, the phenol concentration in the first reactor, 
containing 65 mL of unfiltered solution was measured and is denoted by “A” in Figure 
3,5. The sample from the reactor in which the contents were sequentially filtered was 
also measured for phenol. This reading for phenol concentration is denoted by “B” in 
Figure 3.5.
3.5.4 Effect of Filtration on Enzyme Activity 
P a rti
In order to determine the effect of filtration and product removal on enzyme activity, 
the reaction was carried out according to the flow diagram described in Figure 3.6. The 
reactor with 5mM phenol concentration was set up and reaction was initiated by adding 
enzyme at 0 hour. After each hour a sample was withdrawn from the batch reactor and 
the enzyme activity was measured without filtering the withdrawn sample. 
Subsequently, a part of the withdrawn sample was filtered and the enzyme activity was 
measured. The two activity measurements before and after filtration, were compared to 
analyze the effects of polymers formed.
Part II
In order to determine the effect of substrate present on the enzjme activity loss, a batch 
reactor was run (Fig 3.7) and enzyme activity was measured after each hour. After the 
first hour, a sample was withdrawn from the batch reactor as shown in the flow diagram 
in Figure 3.7, and kept stirring for one hour. The activity was measured after second 
hour both in this reactor and the original reactor. This sample was re-filtered after the
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second hour and activity was measured again before and after filtration. The sequence
of measuring filtered and unfiltered enzyme activity in the previously filtered sample 
was carried out after each hour. Simultaneously, the activity in the original reactor set 
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3.6 Minimization of Error
3.6.1 Random Error
Repeating each experiment a mimber of times and taking the average minimizes the 
random errors to some extent. Each experiment was run in triplicates in order to check 
reproducibility. Calibration curves were repeated on a weekly basis to verify accuracy 
and a known sample was checked each time to match with the calibration curve before 
starting the experiments.
3.6.2 Systematic Errors
One possible systematic error considered was during the analysis of phenol 
concentration by the colorimetric method. The products of reactions were phenolic 
compounds and the traces of the products, remaining in the solution after filtration, 
would absorb the same wavelength of light and would indicate the presence of phenol. 
Therefore, the measured remaining phenol concentration would be higher than the 
amount of phenol actually present.
The addition of sodium sulfite as oxygen scavenger in an excess amount may have 
resulted in reducing some oxygen added due to aeration just after DO concentration 
was reduced to zero. This may have resulted in an error in the value of kta obtained. 
The experiments were repeated a number of times by using different amounts of 
oxygen scavenger to obtain several values of kta to minimize this error. The dose of 
oxygen scavenger which produced the minimum error in obtaining kta fi"om the slope of 
the plot was considered as the optimum dose of oxygen scavenger.
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4.0 RESULTS AND DISCUSSION
Chemical species other than substrates can combine with an enzyme to alter, inhibit or 
destroy its catalytic activity (Nice!!, 1991), In many industrial processes, the rate at 
which the enzyme activity declines is a critical characteristic since the economic 
feasibility of the process may hinge on the useM life of the biocatalyst (Bailey and 
Ollis, 1986). Wastewater treatment using laccase is not an exception. The objective of 
this research was to determine the effects of inactivation of laccase during enzymatic 
removal of phenol from buffered distilled water. Also the effects of aeration and 
hydrogen peroxide addition on phenol removal were studied. In order to study the 
effects of pH, reaction time, dissolved oxygen availability and substrate concentration, 
on phenol removal by laccase and to quantify the loss of enzyme activity over a 
duration of 5 hours for different substrate concentrations, the starting enzyme 
concentration was fixed at 0.067 LACU/mL.
4.1 Laccase Stability
Enzyme may denature losing its 3D structure due to its exposure at room temperature 
for a long time. If that happens, the measurement of enzyme inactivation may 
incorporate denaturation due to exposure at room temperature as well as inactivation 
due to a parameter under investigation. Figure 4,1 shows that the enzyme used was 
stable at room temperature for the duration of experiments in this research.
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4.2 pH Optimization
The optimum pH for phenol removal was determined by varying reaction pH in the 
range of 4.0 to 10.5. Different buffers were prepared to obtain the desired pH, The 
starting substrate concentration was kept at 1 mM and enzyme concentration was kept 
constant at 0.067 LACU/mL and the reaction time was kept at 5 hours. Substrate and 
enzyme concentrations were kept constant so that the removal efficiency of each 
reactor depended on pH only. The removal efficiency was found to be maximum (about 
90 ± 3 % removal for 1 mM phenol) for a pH range between 5.0 and 6.0.
Similar experiments were performed using under stressed condition by higher substrate 
concentrations (2 to 5 mM phenol). The removal efficiencies as a function of pH for 
different substrate concentrations are shown in Figure 4.2. It is noticed that the removal 
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Figure 4.1: Stability of Laccase (SP-504) Activity Starting at 0.067 LACU/ml. at Room 
Temperature (21 °C) in an Open Reactor at pH 5.0. ♦iBOmL reactor; ■ 200 mL reactor
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Figure 4.2: Effect of pH on Removal of Phenol Catalyzed by Laccase (SP-504) of 
Activity 0.067 LACU/mL at Room Temperature (21°C) in an Open 30mL Reactor after
a Reaction Time of 5 hours.4! ImM Phenol; 2mM Phenol; A: 3mM Phenol; x: 
4mM Phenol;*! 5mM Phenol.
4.3 Time Course (Progress Curve) for Phenol Removal at Optimum pH
For a fixed enzyme concentration the progress curves of percent phenol remaining for 
various substrate concentrations, 1 to 5 mM phenol, were determined at an optimum pH 
5.0 over a duration of 5 hours. The reactors were open to atmosphere so that 
atmospheric aeration could take place at room temperature. The results are illustrated in 
Figures 4.3.1 through 4.3.5 for 1, 2, 3, 4 and 5mM phenol concentrations respectively. 
For each substrate concentration both 30mL and 200mL reactors were used and each
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run was made in triplicate to confirm the consistency of the results. The average of the 
three values, both for 30mL and 200mL are shown. Error bars were smaller than the 
data points and therefore not mentioned in the figure. The experimental data points 
were fitted best with either exponential or polynomial curves. This was required to 
calculate the turnover capacity of laccase at various time intervals and at different 
substrate concentrations.
The plot of percent substrate removal after the reaction time of 5 hours for different 
substrate concentrations with an enzyme concentration of 0.067 LACU/mL is shown in 
Figure 4.3.6. It depicts that with an increase in initial substrate concentration there was 
a linear reduction in percent substrate removal up to a substrate concentration of 4mM. 
After that the percent substrate removal remained almost the same. Further researches 
are necessary to explain this.
100
90 -&
t  80 -
70 -
60




50O 100 150 200 250 300
Time ( m in u te s )
Figure 4.3.1: Progress-curve for Percent Removal of ImM Phenol Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21 °C) in an
Open Reactor at pH 5.0, ♦: 200mL reactor; ■: 30mL reactor.
—— ■ : Trend-line for percent phenol remaining in 200mL reactor.
  ; Line joining the data points of percent phenol remaining in 30 mL reactor.
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Figure 4.3.2: Progress-curve for Percent Removal of 2mM Phenol Catalyzed by 
Laccase (SP-504) of activity 0.067 LACU/mL at Room Temperature (21 °C) in an Open
Reactor at pH 5.0. ♦: 200mLreactor; ■: 30mLreactor.
: Trend-line for percent phenol remaining in 200mL reactor.
: Line joining the data points of percent phenol remaining in 30 mL reactor.
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Figure 4.3.3; Progress-curve for Percent Removal of 3mM Phenol Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21® C) in an 
Open Reactor at pH 5.0. The reactor volume was 200 mL.
Trend-line for the percent phenol remaining in reactor.
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Figure 4.3.4: Progress-curve for Percent Removal of 4mM Phenol Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an 
Open Reactor at pH 5.0. The reactor volume was 200 mL.
■ * “ : Trend-line for the percent phenol remaining in reactor.
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Figure 4.3.5: Progress curve for Percent Removal of 5mM Phenol Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an
Open Reactor at pH 5.O.#: 200mL reactor; ■: 30mL reactor.
— — : Trend-line for percent phenol remaining in 200mL reactor.
   : Line joining the data points of percent phenol remaining in 30 mL reactor.
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Figure 4.3.6: Percent Substrate Removal of Phenol Catalyzed by Laccase (SF-504) of 
Activity 0.067 LACU/mL at Room Temperature (21° C) in an Open Reactor at pH 5.0 
after 5h. The reactor volumes were 200mL.
4.4 Kinetic Characteristics of Laccase for Substrate Phenol
The kinetic experiments were carried out at pH of 5.0. Samples were withdrawn from 
the reactors at 0, 2, 5, 7, 10 and 15 min. after the reaction started and then quenched in 
acid as mentioned earlier. Experiments were run in triplicates and the average values 
were calculated and plotted for determining the initial rate of phenol removal. The 
errors in the three readings were so small that the error bars were smaller than the size 
of the data points and could not be shown in the figure. The five different progress
62
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curves, obtained for five different phenol concentrations (Ito 5mM), are presented in 
Figure 4.4.1. These curves were fitted by linear regression, and the initial rates for 
phenol removal with laccase SP-504 at different phenol concentrations
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y = -0.031x + 3.0861 
P? = 0.8955
y=-0.0204x + 2.0071 
R2 = 0.911
y  = -0 .0101x + 1.0073 
FF = 0,9744
12 14 16
Figure 4.4.1: Progress-curve for First ISmin of the Reactions for 1 to 5mM of Phenol 
Reacting with Enzyme Laccase (SP-504) of activity 0.067 LACU/mL at Room
Temperature (21° C) in an open reactor at pH 5.0. ♦ llm M ; ■: 2mM; A: 3mM; 
x4mM; *l5mM.
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were determined from the first derivatives at t-0. The calculated initial rates or vo, for 
various substrate concentrations [S], were used and fitted with the hyperbolic Michaelis 
-Menten equation.
F _ [5 ]  Eq4.1
V, =■
to obtain the values of constants Vmax and K„ were obtained. The calculated values are 
summarized in the Table 4.1.
Table 4.1 Kinetic characteristics of laccase (SP-504) for phenolic substrate
Substrate K„(mM) VrnaxCmM/min) pH Substrate
cone
Range(mM)
Phenol 6.95 ±2.48 0.0945 + 0.0221 5.0 1.0-5.0
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Figure 4.4.2: Michaelis-Menten Plot for Oxidation of Phenol Reacting with Laccase 
(SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an Open 
Reactor at pH 5.0.
4.5 Changes in Laccase Activity during Removal of Phenol from Wafer 
The second objective of the research was to quantify the enzyme inhibition during
the removal of phenol from buffered distilled water for 1, 2 and 5mM phenol 
concentrations. It is observed from Figure 4.5.1 that, for the lower substrate 
concentration of ImM, there was no reduction in enzyme activity over a period of 5 
hours. However at higher substrate concentrations, there was a loss in enzyme 
activity (Figure 4.5.2 and 4.5.3). For 2 mM substrate concentration, there was no 
reduction in enzyme activity during the first 2 hours, but after that there was a 
continuous reduction in enzyme activity. About 30% loss in enzyme activity was
65























Figure 4.5.i: Progress-curve of Enzyme Activity Remaining for ImM of Phenol
Reacting with Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature
(21° C) in an Open Reactor at pH 5.0. ♦: 200mL Reactor; ■; 30mL Reactor.
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Figure 4.5.2: Progress-curve of Enzyme Activity Remaining for 2 mM Phenol
Reacting in Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° 
C) in an Open Reactor at pH 5.0. ♦: 200mL reactor; ■: 30mL reactor.
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Figure 4.5.3: Progress-curve of Enzyme Activity Remaining for 5mM Phenol Reacting 
in Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an
Open Reactor at pH 5.0. ♦: 200mL reactor; ■: 30mL reactor.
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observed over the total reaction time of 5 hours. For 5mM substrate concentration, 
there was very little enzyme activity loss in the first hour, after that there was a 
significant reduction in enzyme activity. More than 90% of the enzyme activity was 
lost in 5 hours. Relatively slower activity loss during the initial hours followed by a 
rapid decay in enzyme activity with higher substrate concentration was attributed to 
the effect of polymers formed during oxidation of phenol. Detailed experiments 
were performed to prove this hypothesis.
4.6 Turnover Capacity of Enzyme Laccase
Concept of “turnover capacity has been introduced to measure the efficiency of an 
enzyme and to characterize the operating life time of an enzyme (Klibanov et al., 
1980). The “turnover capacity” of an enzyme is the number of molecules of 
aromatic compound removed per enzyme molecule inactivated. In this experiment, 
since the molecular mass of the enzyme was not known, the “turnover capacity” 
was determined in terms of mM of substrate converted /LACU of enzyme 
inactivated.The average values of turnover capacity obtained under operating 
conditions (Section 4.5) are shown in Table 4.2, The calculations for turnover 
capacity are shown in Appendix E.
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Table 4.2: Turnover Capacity of Laccase (SP-504)
Tur
( mM of phenol
inactiva
nover Capacity 
converted/LACU of laccase 





0-1 1-2 2-3 3-4 4-5
1 mM » 5 » 5 » 5 » 5 » 5
2 mM » 5 » 5 <0.05 <0.05 <0.05
5 mM >5 <0.05 <0.05 <0.05 <0.05
It was observed that, for 1 mM substrate concentration the “turnover capacity” 
remained >5mM/LACU throughout the reaction time (5h). For higher substrate 
concentrations, the turnover capacity dropped drastically after a certain time which 
varied with the substrate concentration. For 2mM substrate concentration, it was after 2 
hours and for 5mM substrate concentration it started dropping after 1 hour. The enzyme 
activity had reduced in both cases to lower values. Turnover capacity consistently 
remained below 0.05 mM/LACU after the drastic drop from >5mM/LACU. The reason 
for the loss in turnover capacity at higher concentrations, following a steady high 
performance, is attributed to the effects of polymers formed.
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4.7 Effect of Polymers Formed on Enzyme Activity and Phenol Removal 
Phenoxyl radicals are formed during the oxidation of phenol with the help of laccase. 
These radicals undergo further non-enzymatic reactions generating low polymers and 
oligomers until the solubility limits are exceeded and precipitates are formed. The time 
during which the reaction products reach their solubility limit is thought to be the time 
when activity started to drop.
A rationale has been developed to explain this phenomenon. After a certain time, the 
reactor contents become saturated with the product and they start forming polymers 
which precipitate after a certain time. Polymers, formed after a certain time, have an 
affinity for the enzyme and attach to it. Consequently the enzyme activity is inhibited 
rapidly. This time of saturation depends on the initial substrate concentration is more 
than 5h for ImM phenol, about 2h for 2mM phenol and Ih for 5mM phenol. 
Experiments were conducted with 5mM phenol to support this rationale. Both the 
enzyme activity and phenol concentration remaining both in presence and absence of 
polymers were analyzed during the enzymatic removal of phenol over Shour period.
4.7.1 Effect of Polymers on Phenol Removal
For the first set of experiments, two open batch reactors of 30mL volume were set up 
with 5mM phenol concentration. In the first reactor, the phenol concentration remaining 
was tested after each hour for 5 hours to obtain the progress curve. In the second 
identical reactor the contents were filtered after each hour to remove the polymers 
formed during that hour and samples were tested after each hour to determine the 
progress curve for phenol removal.
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As shown in Figure 4.7.1.a phenol removal remained almost the same in both cases. In 
the second set of experiments, the frequency of filtration of the content of the reactor 
was increased from 1 hour to 30 min and 15 min.
4 ,5 -
m
50 100 1500 200 250
Time (minutes)
Figure 4.7. l.a; Effect of Hourly Filtration on Progress-curve for 5 mM Phenol Reacting 
with Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C) in
an Open Reactor (30mL) at pH 5. 0.4: reactor contents filtered at every hour; ■; reactor
content kept imfiltered.
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The phenoi concentration was measured at the end of 4 hours after subsequent filtration 
according to the flow diagram in Figure 3.7. In contrast to the previous experiments, an 
increase in the frequency of filtration significantly increased the phenoi remoAml The 
greater the frequency of filtration, the higher was the phenol removal. Phenol remaining 
after 4 hours was more than 40% decreased when subsequent filtration was performed 
at every 15 min as compared to the phenol removal when subsequent filtration was 
performed every hour. The phenol removal after four hours as an effect of subsequent 
filtration at different intervals (e.g. 1 hour, 30 min, 15 min, etc.) is presented in Figure 
4.7.1.b.
F iltra tio n
a f te r
W ith o u t
filtra tio n
ev e ry
h o u r
F iltra tio n  
a f te r  
e\^ry 
Z Z  ■ ■.
F iltra tion
after
e v e ry  
15  m in
F re q u en c y  o f F iltration
Figure 4.7. Lb: Effect of Frequency of Filtration on Progress-cun'’e for 5 mM Phenol 
Reacting with Laccase (SF-504) of Activity 0.067 LACU/ mL at Room Temperature
(21° C) in an Open Reactor (30 mL) at pH 5 after 4h. without filtration;
■filtration after every hour; III filtration after every 30 min; □: filtration after every
15 miuo
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4.7.2 Effect of Polymers on Loss of Enzyme Activity
It was anticipated that some enzyme would adhere to the polymers and the removal of 
polymers by filtering them would remove the enzyme adhering to the polymers formed. 
In order to verify this effect, experiments were carried out according to the flow chart 
in Figure 3.8, The reactors W'̂ ere set up with 5mM phenol concentration and a sample 
was withdrawn at each hour and enzyme activity was determined. At the same instant 
another sample was withdrawn, filtered and then activity was measured. The progress 
curves of filtered and unfiitered samples withdrawn from the same batch reactor are 
presented in Figure 4.7.2.a. It is observed that the enzyme activity measured before 
filtration was higher than the enzyme activity measured after filtration. This is 
attributed to the fact that, during the formation of polymers, some active enzyme 
adhered to them and removal of polymers removed the adhering enzyme.
In the second set of experiments, batch reactors were run for one hour and enzyme 
activity was measured after the first hour. A portion of the contents of the reactor was 
filtered and run for an hour parallel to the initially set up batch reactor. The enzyme 
activity was measured at the end of second hour in both reactors, i.e. the initially set up 
reactor and the reactor consisting of filtered sample (filtered after the first hour from the 
initially set up reactor). After measuring activity its contents were filtered again and ran 
for another hour and activity was measured. This operation was continued for 5 hours. 
The flow diagram for the experiment and the results of activity obtained are presented 
in Figure 4.7.2.b. Multiple runs were made and the results showed 10-15% variation. 
However, in each case, the activity of enzyme in reactors in which, the polymers were
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Figure 4.7.2.a Effect of Polymer Removal before Activity Measurement on Enzyme 
Activity Remaining for 5 mM Phenol Reacting with Laccase (SP-504) of Activity 
0.067 LACU/ mL at Room Temperature (21° C) in an Open Reactor (30 mL) at pH 5.0. 
♦: Activity remaining in unfiltered solution. ■: Activity remaining in filtrate.
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Figure 4.7.2.b Effect of Filtration on Enzyme Activity Remaining for 5 mM Phenoi 
Reacting with Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature 
(21° C) in an Open Reactor (30mL) at pH 5,0 Over a Duration of 5h.
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4.7.3 Discussion on the Effects of Polymers Formed 
The above-mentioned results led to the following inference:
(I) Enzyme present in the reaction vessel can be classified into, enzyme 
remaining in the solution (Type 1) and enzyme adhering to the precipitate 
polymers formed (Type 2).
(II) Both types of enzyme responded to the enzyme activity test. The enzyme 
activity measured in samples withdrawn from a batch reactor directly gave a 
cumulative measure of active enzyme of Type-1 and Type-2 present in the 
reactor. Removal of precipitate polymers by filtration resulted in the 
removal of Type- 2 enzyme adhering to the polymers. Therefore, during 
activity test of a filtered sample only the Type-1 enzyme was measured. 
This explains the fact that unfiltered sample from a batch reactor showed a 
higher enzyme activity than the filtered sample.
(III) No polymers were present at time 0; Therefore, all enzyme in solution were 
of Type 1. As more and more polymers were formed, increased amount of 
Type 1 enzyme adhered to the polymers and became Type 2 enzyme. Thus, 
presence of polymers accelerated the conversion of Type 1 enzyme present 
in the solution to Type 2 enzyme.
(IV) Type 1 enzyme was more efficient in removal of phenol from solution as 
compared to Type 2 enzyme. This is evident from the observation that, 
through subsequent filtration more 1 enzyme was kept in solution and 
performance efficiency was better.
77
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(V) As the aggregate size and amount of polymers (precipitate) increased, some 
of the Type 2 enzyme adhering to the polymer surface becomes inactive. 
This was indicated by earlier decline in enzyme activity at high substrate 
concentrations.
(VI) Turnover capacity of Type 1 enzyme was higher than Type 2 enzyme. The 
measured turnover capacity is a weighted average of turnover capacity of 
both Type 1 and Type 2 enzymes. Removal of Type 2 enzyme increased the 
proportion of Type 1 enzyme during the reaction time and thereby increased 
the overall turnover capacity of the enzyme contained in the batch reactor.
(VII) The solution gets saturated with the polymers formed up to a certain extent 
after a particular time (more than 5h in case of ImM phenol, 4h in case of 
2mM phenol and Ih in case of 5mM phenol).
4.8 Availability of Dissolved Oxygen
Laccase uses oxygen as an oxidant. Thus, oxygen became one of the reactants 
(substrate) in laccase catalyzed oxidation of phenol. Experiments were conducted 
to determine the effect of changing the dissolved oxygen (DO) concentration in 
the reactor with laccase SP-504. This change in DO concentration was 
accomplished by the following methods;
• Natural diffusion from the atmosphere in an open reactor
• Adding oxygen to the solutions by aeration
• Adding hydrogen peroxide to the solution
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Al! the experiments were started with a DO concentration near saturation, about 0.25 
mM of oxygen. The stoichiometric requirement of dissolved oxygen for the phenols is 
1 ;4. Thus, the saturation concentration in a reactor is sufficient to remove up to 1 mM 
phenoi without requiring additional dissolved oxygen and for substrate concentration 
>lmM insufficient dissolved oxygen concentration may have an effect on phenol 
removal.
4.8.1 Availability of Dissolved Oxygen
Ail the experiments were carried out in open reactors. For 1, 2 and 5mM phenol the 
availability of dissolved oxygen in an open reactor is shown in Figures 4.8.1 through
4.8.3. It was observed that for 1 mM phenol concentration there was a reduction in DO 
during the first 40 min. indicating, that the rate of DO consumption was higher than the 
rate of oxygen addition by atmospheric diffusion. This was followed by a short period 
of steady level of DO concentration indicating that the rate of oxygen use and rate of 
atmospheric diffusion were the same.
After that there was an increase in the level of DO indicating that the atmospheric 
diffusion of oxygen was more than the oxygen used in the reaction. The DO 
concentration never fell below 0.1 mM. For 2mM phenol concentration, the DO 
concentration had a similar trend; however, the initial reduction was more rapid than 1 
mM phenol concentration and remained below 0.05 mM concentration for a relatively 
longer time and then it started Increasing. For 5 mM concentration of phenol, there was 
a rapid reduction in DO concentration to less than 0.0ImM within a few minutes and 
remained steadily for a long time.
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Figure 4.8.1: Availability of Dissolved Oxygen for ImM Phenol Removal Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an 
Open Reactor (30mL) at pH 5.0.
The equation for tangent at the point t=0 is y=-0.011t + 0.28. Thus, the rate of oxygen 
consumption at time t=0 is 0.011 mM/min
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igure 4.8.2: Availability of Dissolved Oxygen for 2mM Phenol Removal Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C) in an 
Open Reactor (30mL) at pH 5.0. The equation for tangent at the point t=0 is y=-0.015t 
+ 0.28. Thus, the rate of oxygen consumption at time t==0 is 0.015 mM/min
























Figure 4.8.3: Availability of Dissolved Oxygen for 5mM Phenol Removal Catalyzed by 
Laccase (SP-504) of Activity 0.067 LACU/mL at Room Temperature (21° C) in an 
Open Reactor (30 mL) at pH 5.0.
The equation for tangent at the point t=0 is y=-0.139t + 0.29. Thus, the rate of oxygen 
consumption at time t=0 is 0.139mM/min
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.8.2 Effect o f Increase in DO Concentration
DO concentration was increased in two different ways. In one case, water was 
continuously aerated by bubbling air through the reactor and in the second case 
hydrogen peroxide was added. The latter was done because the laccase preparation had 
catalase activity, which catalyzes the dissociation of hydrogen peroxide to oxygen and 
water (Vermette, 2000). Each mM of hjdrogen peroxide is dissociated by catalase 
contained in laccase to produce a half mM of oxygen.
4.8.3 Effect of Aeration and Hydrogen Peroxide Addition on Phenol Removal 
Experiments were designed to measure the effects of aeration on phenol removal. The 
starting phenol concentrations were 2 and 5mM because a higher phenol concentration 
would consume the available oxygen more rapidly and would have shown a significant 
need for additional oxygen. The effect of aeration is presented in Figure 4.8.4. Aeration 
is seen to have no effect on phenol removal. Presence of dissolved oxygen only 
provided minor improvements in substrate removal as compared to control. The 
experiments with hydrogen peroxide addition were conducted with 2mM and 5mM 
phenol concentrations. In case of 2mM solution, hydrogen peroxide was added at 0 
min., 24 min. or 51 min., after the start of the experiment, in different reactors. For 
2mM phenol concentration, the effect of Increase in DO by hydrogen peroxide addition 
on phenol removal is presented in Figure 4.8.5 through 4.8.7. For 5 mM phenol 
concentration the effect of Increase in DO by hydrogen peroxide addition on phenol 
removal is presented in Figure 4.8.8
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Figure 4.8.4: Progress-curve for 5mM Phenol with and without Aeration Reacting 
with Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C) in 
an Open Reactor (30 mL) at pH 5.0 ♦: aerated reactor; ■: open reactor.
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Figure 4.8.5: Effect of Dissolved Oxygen from Hydrogen-peroxide Added at time, t=0 
on Progress-curve for 2mM Phenol Removal Reacting with Laccase (SP-504) of 
Activity 0.067 LACU/ mL at Room Temperature (21° C) in an Open Reactor (200mL) 
at pH 5.0.
♦: ImM hydrogen peroxide added at time t=0 min. x : no hydrogen peroxide added.
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Figure 4.8.6: Effect of Dissolved Oxygen from Hydrogen-peroxide Added at Time, 
t=24 min on Progress Curve for 2mM Phenol Removal Reacting with Laccase (SP-504) 
of Activity 0.067 LACU/ mL at Room Temperature (21° C) in an Open Reactor
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Figure 4.8.7; Effect of Dissolved Oxygen from Hydrogen-peroxide Added at Time, 
t=51 min on Progress-curve for 2mM Phenol Removal Reacting with Laccase (SF-504) 
of Activity 0.067 LACU/ mL at Room Temperature (21° C) in an Open Reactor (200
mL) at pH 5.0. A 1 ImM hydrogen peroxide added at time t=51 min. x : no hydrogen 
peroxide added.
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Figure 4.8.8 : Effect of Dissolved Oxygen from Hydrogen-peroxide Added at Time, 
t=0 on Progress-curve for 5mM Phenol Removal Reacting with Laccase (SP-504) of 
Activity 0,067 LACU/ mL at Room Temperature (21° C) in an Open Reactor at pH 5.0.
■ I ImM hydrogen peroxide added at time t=0 min; x : no hydrogen peroxide added.
Vermette (2000) studied the effects of hydrogen peroxide addition at t=0, 24 and 51 
min on the removal of cresol from tap water using laccase, SP-850. In order to compare 
the results, similar addition times were chosen in this study. Similar to her observations,
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no improvement in removal of phenol was obtained by addition of hydrogen peroxide. 
It only increased the DO level.
The addition of hydrogen peroxide at t=0 produced an initial increase in the dissolved 
oxygen level instead of rapid depletion with no addition, as shown in Figure 4.8.9. 
Similar trends were observed with addition of hydrogen peroxide at t=24 min and t==51 
min, Figure 4.8.10 and 4.8.11. The increase in dissolved oxygen concentration was 
rapid at the time of addition. However, as mentioned earlier, the corresponding phenol 
removal for 2mM substrate concentration (Figure 4.8.5 through 4.8.7) and also 
substrate removal for 5mM phenol concentration (Figure 4.8.1) adding hydrogen 
peroxide at time t = 0 min showed no difference from phenol removal in open reactors. 
For the total duration of five hours, the rate of phenol removal remained the same. 
Therefore, other than providing additional dissolved oxygen to the reaction, both 
hydrogen peroxide and aeration had no influence on the rate of reaction and the 
progress curves of phenol removal.
Two probable explanations can be given for the above phenomenon. First, during the 
time when dissolved oxygen concentration was very low, the amount of dissolved 
oxygen being added from the atmosphere was just sufficient to saturate the remaining 
active enzyme with respect to oxygen and any addition of oxygen did not improve the 
performance of the enzyme. Second, the enzyme converts the phenol to phenoxyl 
radicals up to its maximum capacity during the first few minutes and produces an 
intermediate product, which responds to “aromatic compounds assay”. In the next few 
hours, these intermediate products react non-enzymatically to form intermediate 
products and polymers, which do not respond to aromatic substrate assay. Further
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research and detailed HPLC analysis to identify the reaction products separately and 
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Figure 4.8.9: Dissolved Oxygen Availability Without Hydrogen-peroxide Addition and 
with Hydrogen-peroxide Addition at Time t=0 min for 2mM Phenol Reacting with 
Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C) in an 
Open Reactor (200mL) at pH 5.0. A : no addition of hydrogen peroxide; x : addition of 
ImM hydrogen peroxide at t=0 min.
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Figure 4.8.10: Dissolved Oxygen Availability without Hydrogen-peroxide Addition and 
with Hydrogen-peroxide Addition at Time t=24 min for 2mM Phenol Reacting with 
Enzyme Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C)
in an Open Reactor (lOOmL) at pH 5.0. A:  no addition of hydrogen peroxide; ♦: 
addition of ImM hydrogen peroxide at t=24 min.
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Figure 4.8.11: Dissolved Oxygen Availability without Hydrogen-peroxide Addition and 
with Hydrogen-peroxide Addition at time t=24 min for 2mM Phenol Reacting with 
Laccase (SP-504) of Activity 0.067 LACU/ mL at Room Temperature (21° C) in an
Open Reactor(200mL) at pH 5.0. A : no addition of hydrogen peroxide; ■ : addition of 
ImM hydrogen peroxide at t=51 min.
In DO concentration vs. time plots, the initial velocity of the reaction is the initial slope 
of the data line. Trend-lines were drawn at time 0 in Figures 4.8.1 and Figure 4.8.2 to 
get the initial rate of oxygen consumption for 1 and 2mM phenol concentration, 
respectively. The equation of the trend-line, corresponding to the initial rate of oxygen 
consumption, the rate of substrate consumption obtained from Figure 4.4.1 are listed in
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Table 4.8 and the experimentally obtained value of mM phenol required / mM oxygen 
consumed was calculated.
Table 4.8: Stoichiometric Requirement of Oxygen for Phenol
Phenol Concentration ImM 2mM
Equation of trend-line for DO 
(tangent at time, t=0)
y=-0.011t+0.28 y--0.015t+0.28
Initial DO consumption (mM/min) 0.011 0.015
Initial phenol consumption (mM/min) 0.01 0.02
Molar ratio, mM phenol/mM oxygen 0.94 1.35
The stoichiometric requirement of dissolved oxygen for phenols is 4:1, however in this 
case it becomes very close to 1.0. Further research is needed to obtain explanation.
4.9 Model for DO Coesnmption in an Open Reactor
4.9.1 Determination of kia
As described in Section 3.3.5, the DO concentration was reduced to zero in a buffer 
solution (pH 5.0) by using oxygen scavenger sodium sulfite with cobalt chloride as a 
catalyst. In order to determine the effect of oxygen addition, the DO concentration 
increased due to atmospheric aeration from a low value to saturation (Figure 4.9.1). The 
mass transfer coefficient, ku  was determined by plotting Ln(Cs-C) against time in 
Figure 8.9.2. The slope of straight line obtained from Figure 8.9.2 was equal to 
kLa=0.0037 m in '.
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The effects o f atmospheric aeration were taken into consideration while developing the 








Figure 4.9.1: Gradual Increase in the DO Concentration due to Atmospheric Aeration in 
Buffer Solution at pH 5.0 in Open Stirred Batch Reactor (200mL).
-0 .5
y  =  -0 .0 0 3 7 X  -  1 .4 4





5 0 100 1 5 0  2 0 0
T i n » e ( m i n )
2 5 0 3 0 0 3 5 0
Figure 4.9.2: Plot of In(Cs-C) Against Time in Minutes for Determination of kLa. 
Mass transfer coefficient, kLa-0.0037 min'^
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4.9.2 Determination of Constants in Model 1 and 2 for 1 and 2mM Phenol
Concentration




= ( C ,  -  C )
C = Dissolved oxygen concentration at time t in mM 
Cs = Initial concentration of dissolved oxygen at time t=0 (Assumed to be 
saturation concentration) in mM 
Cs and C values were obtained from Figure 4.8.1 
kLa Apparent spatial average volumetric mass transfer coefficient in clean 
water=0.0037 min"’ as obtained from Figure 4.9.1 and 4.9.2.
[S] = Substrate concentration (mM) at time t was obtained from progress 
curve for ImM phenol (Figure 4.3.1).
—  was obtained from Figure 4.8.1 taking small intervals of time “dt” and considering 
dt
the change dC over that interval. Knowing the value of Cs or the saturation 
concentration at that particular temperature and C at any instant t from Figure 4.8.1 
(Cs - C) was computed.
The equation of best-fit curve derived from the experimental data of substrate
concentration in Figure 4.3.1, [S] and —  were computed. Knowing all other
dt
parameters in equations 3.1 and 3.2 values of parameters ki and ka were determined.
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The value of parameter ki over a duration, calculated from Model 1, is plotted in Figure
4.9.3. Only the variation over the first 40 minutes is shomm. It steadily reduced during 
the 40 minutes and reached almost zero.
0.012
0.01
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Figure 4.9.3: Variation of Constant ki (described in Model 1) with Time.
According to Model 2 for DO consumption described in section 3.3.5,
Where kj is the rate constant for reaction and all other terms are same as described for 
Mode! 1. The dimensionless constant ka was obtained and plotted for the first 30 min as 
shown in the Figure 4.9.4. It is observed that the value of ka increased steadily during 
this period.
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Figure 4.9.4: variation of constant kz described in Model 2.
It is observed that kj (min'^) in Model 1 was reduced to a low value over time with 
reduction in substrate concentration, i.e. rate of oxygen consumption became lower as 
the phenol concentration was reduced. However, according to Model 2, it is postulated 
that the ratio of rate of oxygen consumption (mM/min) to the rate of phenol 
consumption (mM/min) increased over time. As the reaction proceeded, the substrate 
concentration was reduced and the amount of oxygen required per unit of substrate 
decreased, i.e. the moles of oxygen consumed to convert 1 mole of phenol had 
increased. This supports the hypothesis that the initial intermediate products formed 
from phenol consumed oxygen while forming polymers. Vermette (2000) studied 
kinetics of cresol removal using laccase SP-504 and found that 2.73 mM cresol/mM 
dissolved oxygen was needed instead of the stoichiometric requirement of dissolved 
oxygen for cresol of 1:4. This study of kinetics of phenol removal using laccase SP-850
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also depicts that the stoichiometric requirement of dissolved oxygen for phenol is less 
than the experimentally determined requirement. These deviations require further 
research and HPLC analysis to verify these results.
4.10 Error Analysis
Experiments were performed to ensure reliability of the experimental results obtained 
for phenol color test, enzyme activity test and DO monitor. For enzyme activity test, 
five samples were withdrawn from a single reactor and the enzyme activity was 
measured. These results are listed in Table 4.10.1. Similarly, four samples were 
withdrawn for phenol color test from a reactor and analyzed. The results and standard 
deviation are listed in Table 4.10.2.















4 0.0680 0.066 +/»0.007
5 0.0680 i.e. +/-10%
6 0.0612
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2 2.01 2.10 +/-0.1
3 2.10
4 2.29
An experiment was conducted to determine the reliability of dissolved oxygen probe. 
With a dissolved oxygen probe four readings of DO concentration in a saturated 200 
mL buffer solution was measured. The results are discussed in table 4.10.3.
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5.0 SUGGESTED REACTOR DESIGN CONCEPT
5.1 Probable Physical Treatment and a Reactor Design Concept 
Both Type 1 and Type 2 enzymes discussed in Chapter 4 respond to the enzyme 
activity test. However, the inactivation of Type 2 enzyme is faster as compared to Type 
1 enzyme as shown schematically in Figure 5.1 the overall enzyme activity decay is as 
a result of activity decay due to aggregate decay of both Type 1 and Type 2 enzymes. 
Filtration removes Type 2 enzyme and shows down the conversion of Type 1 enzyme 
to Type 2 enzyme.
Over all 
Activity curve 












Figure 5.1 Proposed Trend of Enzyme Activity Consumption of Type 1 and Type 2 
Enzymes.
In Figure 5.2 it is shown schematically how the enzyme activity is expected to drop due 
to each filtration with removal of enzyme adhering to the polymers. This trend was 
found to be same for different runs; however, there was 15-20% variation between the
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experimental results from different batch reactors. Effect of hourly filtration on a batch 
reactor compared to another batch reactor without hourly filtration is shown in Figure 
5.3. The phenol removal is a function of the area under the activi'iy curve. The 
optimization of this area under the curve would result in an optimum reactor design. 
The number of filtration operations ‘n’ required to optimize the area under the curve 








D r o p ia a c W y  
'd u e to  filtration
i !
T k  actKityBductiori 
fhttsr if  precipitate are 
leaovsd
f i i  c i z i
The phenol remoral is a 
function of the area under the curve of 
activity consumption against time.
Figure 5.2 Schematic Effect of Hourly Filtration on Enzyme Activity Remaining in the 
Batch Reactor as Compared to a Reactor without Hourly Filtration.
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Figure 5.3; Effect of Hourly Filtration on Enzyme Activity Remaining in the Batch 
Reactor as Compared to a Reactor without Hourly Filtration in 30mL reactors at pH 
S.O.b : Reactor without filtration; ♦: Reactor with hourly filtration.
For a particular type of filtration technique, if the area under the curve is optimized
with ‘n’ number of filtrations at time intervals ti, %2 , h respectively a continuous flow
tank can be developed with (n+1) chambers separated by n screens for filtration.
Detention time t=(ti+ ta+13+.. .+t „+i) in min.
Considering a rectangular tank of length, breadth and height L, B and H respectively 
And a flow rate be Q mf/min. the detention time t min. is given by: 
t= Volume of tank /Q
Or, t -  (L*B*H)/Q
For the tank divided into n+ 1 units by n filters, the dimension of compartments of the 
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t2 = L2*B*H/Q
and so on. Therefore knowing the frequency of filtration n filter screens can be placed
at distances Li, L2 , ... , Ln+i
ti: ta: t3:.......:t„=Li:L2:L3:.....L„,and
L1+L2+L3:... ..+Ln+L,5+i=L
Once the area under the curve is maximized, then filtering at various time intervals and 
observing the related activity can estimate the spacing of the chambers at which the 
screens for filtration should be placed. At that time this curve is expected to be above 
the curve obtained without filtration. This will require further set of experiments and 
data analysis. A simple form of a possible reactor configuration with 4 chambers and 




Figure 5.4 Conceptual Reactor to Screen the Polymers formed in the Inflow Containing
Phenolic Compounds.
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6.0 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
This study demonstrates the applicability of laccase to treat buffered distilled water 
containing phenols. The reaction pH was optimized for a fixed enzyme concentration of 
0.067 LACU/mL to achieve 90% removal of 1 mM phenol. Reaction time was chosen 
to be 5 h. The behavior of the enzyme, its inactivation and effects of different 
parameters on the enzjnne inactivation was explored. The stability of laccase activity at 
room temperature was also determined.
« Laccase activity was found to be thermally stable for the duration of all 
experiments conducted at room temperature.
• The optimum pH for phenol removal using laccase SP-504 under 
thermally stable conditions was found to be between 5.0 and 6.0 There was 
severe loss of phenol removal outside this range.
• Turnover capacity of enzyme was found to be » 5  mM/LACU with
0.067LACU/mL enzyme concentration and ImM phenol concentration. For 
higher substrate concentrations (2mM, 5mM), it started with a very large value 
of » 5  mM/LACU, and then rapidly reduced to a lower value of less than 0.05 
mM of phenol converted/ LACU of laccase inactivated.
• Both aeration and addition of hydrogen peroxide increased the DO 
concentration but did not alter the progress curve for phenol removal.
• Removal of polymers by filtration reduced the enzyme concentration by 
removing enzyme adhering to the polymer particles. However, the removal of
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polymers reduced the activity loss of the remaining active enzyme. Overall, 
subsequent filtrations reduced the enzyme activity loss as compared to the 
activity loss without filtration over the same time.
6.2 Resommeiidatioiis
® The enzyme concentration was kept constant during all the experiments
performed in order to study the effects of other reaction parameters on the 
enzyme concentration. Further research should be carried out by varying the 
enzyme concentration.
® The fact that addition of excess oxygen did not improve the progress 
curve for phenol removal was attributed to the formation of different 
intermediate products which respond to aromatic substrate assay and which do 
not respond to the aromatic substrate assay. The conversion observed in the later 
hours was considered mostly to be the conversion of one polymerization 
product to the other. The detailed analysis of the polymerization products 
formed and their affinity for the enzyme as compared to parent phenol during 
reaction with laccase should be analyzed with HPLC.
• It is suggested in reactor design concept that the area under the curve of 
activity remaining should be maximized for the best phenol removal. Further 
studies are needed to establish a procedure to maximize this area.
• The effect of temperature and reaction time on the stability of laccase 
should be investigated further.
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® ReiatioBship bet\\«eii reduction in substrate concentration and oxygen
consumption determined here did not follow the expected stoichiometry of 1:4 
between oxygen and phenol. Further studies need to be conducted to find out 
the probable reason for such deviation.
® Even though the concentration of phenol was reduced in this process, the 
final products need to be identified as they may be potentially toxic, possibly 
even more than phenols.
® The study should be extended to see the reduction in laccase activity and
turnover capacit}? of laccase during removal of other phenolic compounds such 
as cresols and also the co-precipitation of a mixture of phenolic compounds 
should be studied.
• A real industrial wastewater matrix should be treated with the enzyme to 
develop optimum design parameters.
• Cost analysis of the process should be performed to determine the 
economic effectiveness of using the enzyme treatment method over current 
treatment process as well as alternative treatment methods involving other 
enzymes.
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APPENDIX A
Enzyme Activity Assay 
(Vermette, 2000)
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1. General
The purpose of enzyme activity assay is to determine the amount of active enzyme 
that is contained in a solution. Under saturating conditions of syringaidazine, the 
initial rate is measured by observing the rate of color formation in the solution. 
Laccase catalyzes the oxidation of syringaidazine to the corresponding quinone 
such that the product of the reaction form a purple colored solution that absorbs 
light at a peak wavelength of 530 nm.
2. Reagents
i) MBS buffer for laccase SP504 (23 mM, pH 5.5 ± 0.05)
2.66 g of MBS
1.0 mL 2 M sodium hydroxide 
distilled water to 1 L
ii) Syringaidazine solution (0.38 mM)
6.8 mg syringaidazine in a flask
25 mL of 96% ethanol (dissolved for 1.5 hours) 
distilled water to 50 mL 
store in dark
3. Procedure
In a semi-micro cuvette, the reagents and the sample were combined in the 
following order:
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
850jiL of MBS buffer 
50|iL of syringaidazine solution 
100|iL of laccase solution 
The sample volume was 1 mL and the rate of colour formation was measured before the 
substrate depletion became significant. Immediately after the addition of the sample, 
shake the cuvette was shaken and then placed it in the spectrophotometer to monitor the 
absorbance change with time at 530 nm. The change in absorbance was measured at 
15s and 75 s.
4. Calculation
i) Calculating the activity in the cuvette;
Activity in the cuvette (LACU/mL)
-  (A4 * l.O w in  0“̂  * D)/(0.065 * 0. ItoT) = Aft * 0.1538 * D 
where:
Aft =Change in absorbance per minute: = (ft̂ ĵ  -  ftjj^)
The range of absorbance should be 0.1 to 0.4 Aft/min 
1.0=Total volume in cuvette (mL)
0.065=Micro-molar extlnc.tion coefficient (pM/L)
10'^=Conversion factor for LACU/mL to LACU/L 
D= Dilution factor.
The activity in terms of micromoles of syringaidazine converted per minute at 
20°CatpH5.5
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ii) Calculating the activity of the sample 
Activity in enzyme sample added to the reactor (LACU/mL)
= Activity in the cuvette (LACU/mL)* reactor volume (mL)/ enzyme solution 
added to reactor (mL)
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APPENDIX B
Aromatic Substrate Assay 
(Vermette, 2000)
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1. General
This is a colorimetric assay used to measure the concentration of an aromatic 
substrate in an aqueous sample. The assay used ferricyanide and 4-aminoantipyrine as 
color generating substrates when combined with aromatic sample. The limiting 
reagent was the amount of aromatic compound in the sample. Therefore, the 
absorbance of the color developed at a peak wavelength of 510 nm was proportional 
to the aromatic concentration present in the sample.
2. Reagents
i) Ferricyanide reagent (83.4 mM of K3pe(CN)6  in 0.25 M NaHCOs)
2.75 g K3Fe(CN)6
2.1 gNaHCOs 
Distilled water to 100 mL
ii) 4-Aminoantipyrine reagent (20.8 mM of AAP in 0.25 M NaHC0 3 )
0.423 g AAP
2.1 g N A H C 0 3  
Distilled water to 100 mL
3. Procedure
In a semi-micro cuvette, combine in the following order:
800pL of aromatic sample (diluted if necessary) 
lOOpL of AAP reagent
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100p,L of ferricyanide reagent
The final assay sample volume was 1 mL. After approximately 12 min, absorbance at 
510 mn was measured against a reagent blank.
4. CalcelatioKs
Using the appropriate calibration curve from Appendix C, the absorbance readings 
were converted to the desired calibration units.
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1. General
The following section consists of the typical standard curves obtained for the 
aromatic compounds studied (Phenol in this case) based on Beer’s law fit. 
According to Beer’s law: (A=sCL) 
where,
A= Absorbance
E= Molar extinction coefficient (M‘* cm ' )̂
C= Concentration (M)
L= Length of the path of light traveled (cm).
The semi micro cuvette used in this research had a path length of 1 cm.
Phenol:
Sample: Phenol 
Solvent: Distilled water 
Concentration unit: mM 
Analytical wavelength: 510 nm 
Reference wavelength: None selected 
Integration time: 1 second
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y = 12.571X + 0 .0 009  
R2 =  0 ,9 999
0.01 0 .0 2  0 .0 3  0 .04 0 ,0 5
C o n c e n t ra t io n  (m M )
0 .0 6 0.07
A Typical Calibration Curve for Phenol according to the Beer’s Law Fit
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APPENDIX D
Correlation of Enzyme Activity with Novo Specified Activity
123
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The stock solution used for enzyme had an activity of 200 LACU/mL specified by 
Novo Enzyme. However, when the activity test was performed at room temperature for 
enzyme solutions of known concentrations and enzyme activity was calculated at room 
temperature according to the formula given in Appendix A the activity determined did 
not match with the Novo specified activity. A calibration curve was prepared to 
correlate enzyme activity specified by Novo and experimentally determined enzyme 
activity. All the enzyme activity reported in the thesis is Novo activities correlated from 
the calibration curve given below.
0 . 0 0 0 6
0 . 0 0 0 5  - y = 0.0055X




0 0.02 0.04 0.06 0.08 0.1
A ctiv ity  M e a s u r e d  in th e  L a b o r a t o r y  
( LACU/m L )
A Calibration Curve for Correlating Enzyme Activity Measured in the Laboratory at 
room Temperature and Nominal Activity of the Stock Solution Specified by Novo 
Enzyme.
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX E
Calculation of Turnover Capacity of Enzyme Laccase
125
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Laccase Activity (mM/LACU)
= (mM/L Phenol converted)/(LACU/L Enzyme inactivated)
(niM/L Phenol converted)
((%Enzyme inactivate d)/100) *(0.067LACU /mL) *(lG00mL/L)
Calculation of Turnover Capacity for ImM Phenol Concentration
Time Oh Ih 2h 3h 4h 5h
phenol remaining (mM)
(Calculated from Figure 
4.3.1) 1.02 0.55 0.29 0.16 0.086 0.046
Percent enzyme activity 
remaining over time
(From Figure 4.5.1) 100 100 98 100 96 97
Calculation of Tiimover Capacity
Time interval Oh-lh lh-21i 2h-3h 31-411 4h-5h
mM of phenol converted 0.47 0.26 0.13 0.074 0.04
Percent enzyme 
concentration inactivated ~0 ~0 ~o ~0 ~0
Turnover
Capacity(mM/LACU)
» 5 » 5 » 5 » 5 » 5
Calciilation of Turnover Capacity for 2mM Phenol Concentration
Time Oh Ih 2h 3h 41 5h
phenol remaining (mM)
(Calculated from Figure 
4.3.2) 1.92 1.46 1.11 0.84 0.64 0.48
Percent enzyme activity 
remaining over time 
(From Figure 4.5.2) 100 97 98 71.02 62.437 53.24
Calculation of Turnover Capacity
Time interval Oh-lh lh-2h 2h-3h 31-41 411-51
mM of phenol converted 0.46 0.35 0.27 0.20 0.16
Percent enzyme 
concentration inactivated -0 ~0 26.98 8.58 9.20
Turnover
Capacity(mM/LACU)
» 5 » 5 <0.05 <0.05 <0.05
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Calculation of Turnover Capacity for 5mM Phenol Concentration
Time Oh Ih 2h 3h 4h 5h
Phenol remaining (mM)
(Calculated from Figure 
4.3.2) 4.83 3.92 3.24 2.77 2.52 2.48
Percent enzyme activity
remaining over time 
(From Figure 4.5.2) 100 99.82 48.30 21.10 8.27 2.62
Calculation of Turnover Capacity
Time interval Oh-lh lh-2h 21i-3h 3h-4h 4h-5h
mM of phenol converted 0.9 0.684 0.468 0.252 0.036
Percent enzyme
concentration inactivated 0.18 51.11 27.19 12.82 5.65
Turnover Capacity 
(mM/LACU)
>5 <0.05 <0.05 <0.05 <0.05
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